Generation of a Circumstellar Gas Disk by Hot Jupiter WASP-12b by Debrecht, Alex et al.
MNRAS 000, 1–8 (0000) Preprint 3 May 2018 Compiled using MNRAS LATEX style file v3.0
Generation of a Circumstellar Gas Disk by Hot Jupiter
WASP-12b
Alex Debrecht1, Jonathan Carroll-Nellenback2, Adam Frank1, Luca Fossati3,
Eric G. Blackman1 and Ian Dobbs-Dixon4
1Department of Physics and Astronomy, University of Rochester, Rochester NY 14627
2Center for Integrated Research Computing, University of Rochester, Rochester NY 14627
3Space Research Institute, Austrian Academy of Sciences, Schmiedlstrasse 6, A-8042 Graz, Austria
4New York University Abu Dhabi, Abu Dhabi, United Arab Emirates
ABSTRACT
Observations of transiting extra-solar planets provide rich sources of data for
probing the in-system environment. In the WASP-12 system, a broad depression in the
usually-bright MgII h&k lines has been observed, in addition to atmospheric escape
from the extremely hot Jupiter WASP-12b. It has been hypothesized that a translucent
circumstellar cloud is formed by the outflow from the planet, causing the observed
signatures. We perform 3D hydrodynamic simulations of the full system environment
of WASP-12, injecting a planetary wind and stellar wind from their respective surfaces.
We find that a torus of density high enough to account for the lack of MgII h&k line
core emission in WASP-12 can be formed in approximately 13 years. We also perform
synthetic observations of the Lyman-alpha spectrum at different points in the planet’s
orbit, which demonstrate that significant absorption occurs at all points in the orbit,
not just during transits, as suggested by the observations.
Key words: hydrodynamics – planet-star interactions – planet and satellite atmo-
spheres
1 INTRODUCTION
The discovery of extra-solar planets (exoplanets) has dra-
matically changed our understanding of planetary systems.
Among these newly discovered systems, the transiting ex-
oplanets are of particular importance, as they give us the
unique opportunity to measure both planetary mass and ra-
dius (hence estimate their bulk density). These systems also
allow characterization of planetary atmospheres through
transmission/emission spectroscopy. Among the systems
known to host a transiting close-in giant planet (a ”hot
Jupiter”), WASP-12 plays a special role: it is one of the
first discovered inflated transiting hot Jupiters orbiting at
an exceptionally close distance from the surface of a late F-
type star (Hebb et al. 2009). Because of the short orbital
separation (only 1 stellar diameter from the stellar surface)
and the effective temperature of the host star, WASP-12b’s
equilibrium temperature is of the order of 2500 K. This is
one of the highest among all known hot Jupiters, which has
caused rising interest in this system over the years.
Together with HD209458b and HD189733b, WASP-12b
is one of three hot Jupiters for which atmospheric escape
has been directly observed through ultraviolet (UV) transit
observations (Vidal-Madjar et al. 2003, 2004, 2013; Linsky
et al. 2010; Lecavelier des Etangs et al. 2010, 2012; Fossati
et al. 2010a; Haswell et al. 2012)1. Hubble Space Telescope
(HST) near-UV transit observations of WASP-12b, carried
out with the Cosmic Origins Spectrograph (COS), revealed
the presence of transit depths up to three times greater than
in the optical, clearly indicating that the planet’s upper at-
mosphere overfills the Roche lobe and that the planet is
therefore losing mass rapidly (Fossati et al. 2010a; Haswell
et al. 2012). The data also allowed the detection of singly
ionized Mg and Fe in the planet’s upper atmosphere (Fossati
et al. 2010a; Haswell et al. 2012), most likely dragged along
by frequent collisions with H during the hydrodynamic es-
cape (e.g. Koskinen et al. 2013a,b, 2014), and of an early
ingress compared to the optical ephemeris (Fossati et al.
2010a; Haswell et al. 2012; Nichols et al. 2015). The early
ingress phenomenon is currently believed to be caused by
absorption from a bow-shock region ahead of the planet and
supported by either the intrinsic planetary magnetic field
or by the expanding planetary atmosphere (Vidotto et al.
1 Note that there is a tentative detection of an escaping atmo-
sphere for the non-transiting hot Jupiter 55 Cnc b (Ehrenreich
et al. 2012).
c© 0000 The Authors
ar
X
iv
:1
80
5.
00
59
6v
1 
 [a
str
o-
ph
.E
P]
  2
 M
ay
 20
18
2 A. Debrecht, J. Carroll-Nellenback, A. Frank, L. Fossati, E.G. Blackman & I. Dobbs-Dixon
2010, 2015; Bisikalo et al. 2013). A further possible expla-
nation of the early-ingress phenomenon that has been put
forward by Lai et al. (2010) is the presence of a high-density
(hence optically thick) area ahead of the planet where the
stripped planetary material meets the torus.
Of significant interest, however, is the fact that the HST
data also revealed WASP-12’s stellar near-UV spectrum to
present a broad depression in place of the normally bright
emission cores in the MgII h&k resonance lines (Haswell
et al. 2012). This anomaly, which is always present regard-
less of the planet’s orbital phase (also in the core of the
CaII H&K resonance lines; Fossati et al. 2013), was com-
pletely unexpected given the spectral type and age of the
star (Fossati et al. 2010b; Haswell et al. 2012). Fossati et al.
(2013) analysed the possible origin of this anomaly and first
ruled out the hypothesis that WASP-12 presents an intrin-
sically and anomalously low stellar activity. This conclusion
has recently been independently confirmed by the amount
of jitter present in the stellar radial velocity measurements
(Bonomo et al. 2017). By directly measuring the ISM ab-
sorption from an early-type star lying close to the WASP-12
line of sight, Fossati et al. (2013) also excluded ISM absorp-
tion as the cause of the anomalous lack of line core emission.
Extrinsic absorption by material local to the WASP-12
system is therefore the most likely cause of the line core
anomalies: gas escaping from the heavily irradiated planet
could form a stable and translucent circumstellar cloud, as
originally suggested by Haswell et al. (2012). So far, no al-
ternative explanation has been put forward; rather, the hy-
pothesis of the presence of a translucent circumstellar cloud
has been strengthened by theoretical and observational re-
sults (e.g., Lanza 2014; Fossati et al. 2015a).
Recent global (star + planet) simulation studies of
planet winds driven by stellar fluxes have demonstrated
that escaping planetary material can collect around the star
(Matsakos et al. 2015; Carroll-Nellenback et al. 2017). In
particular, in Carroll-Nellenback et al. (2017) it was shown
that when radiation pressure is ineffective at driving mate-
rial to larger radii (Schneiter et al. 2007, 2016), a torus of
planetary wind material is created as strong Coriolis forces
redirect wind parcels into up-orbit and down-orbit columns.
These simulations indicate that it may be possible to build
up dense enough torii around hot gas giants to produce the
absorption seen in WASP-12b.
To explore the possibility and origin of an absorbing
circumstellar torus, we present here 3-dimensional (3D) hy-
drodynamic simulations of the whole WASP-12 system. We
remark here that the only previous 3D hydrodynamic sim-
ulations of this system, presented by Bisikalo et al. (2013),
focused on the planet and the region immediately surround-
ing it. Our larger modelling domain allows us to study the
fate of the material lost by the planet, and in particular if
and how the escaped planetary material accumulates around
the star.
This paper is organized as follows. In Section 2, we dis-
cuss the model system and simulation parameters. In Sec-
tion 3, we present the results of the simulation. Our work is
summarized and future avenues proposed in Section 4.
Table 1. Parameters used in the simulations
Planet Mass Mp 1.404MX ‡
Planet Radius Rp 1.736RX ‡
Planet Temperature Tp 104K
Planet Escape Parameter λp 17.369
Planet Wind Density ρp 5.881× 10−11g cm−3
Planet Mass Loss Rate M˙p 1012g s−1
Stellar Mass M? 1.35M ‡
Stellar Radius R? 1.6R ‡
Stellar Wind Temperature T? 106K
Stellar Escape Parameter λ? 19.542
Stellar Wind Density ρ? 5.881× 10−15g cm−3
Stellar Mass Loss Rate M˙? 10−16M/yr (6× 109g/s)
Mass Ratio (planet/star) q 9.92× 10−4
Orbital Separation a 0.02293 AU ‡
Orbital Period P 1.091 days ‡
‡ Exoplanet Encyclopedia (http://exoplanet.eu)
2 METHODS AND MODEL
Our simulations were conducted using AstroBEAR2 (Cun-
ningham et al. 2009; Carroll-Nellenback et al. 2013), a mas-
sively parallelized adaptive mesh refinement (AMR) code
that includes a variety of multiphysics solvers, such as
self-gravity, heat conduction, magnetic resistivity, radiative
transport, and ionization dynamics. The equations solved
for these simulations are those of fluid dynamics in a rotat-
ing reference frame, with gravitational effects of both the
planet and star included:
∂ρ
∂t
+∇ · ρv = 0 (1)
∂ρv
∂t
+∇ · (ρv ⊗ v) = −∇p− ρ∇φ+ fR (2)
∂E
∂t
+∇ · ((E + p)v) = 0 (3)
where ρ is the mass density, v is the fluid velocity, p is
the thermal pressure, φ is the gravitational potential, fR
combines the the Coriolis and centrifugal forces, so that
fR = ρ (−2Ω× v −Ω× (Ω× r)) (where Ω is the orbital
velocity), and E = 1
γ−1p +
1
2
ρv2 is the combined internal
and kinetic energies. To maintain the temperature of the
stellar and planetary material, we chose a nearly isothermal
value of 1.0001 for γ.
2.1 Model System Parameters
The input parameters of the simulation were chosen on the
basis of the WASP-12 system parameters, namely a planet
with a radius of 1.736RX and mass of 1.404MX, orbiting a
late F-type star with a radius of 1.6R and mass of 1.35M
at a separation of a = 0.023AU 3. Table 1 lists the parame-
ters used in the simulations.
2 https://astrobear.pas.rochester.edu/
3 http://exoplanet.eu
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2.2 Isothermal winds
Both stellar and planetary winds are launched from fixed
density and temperature boundaries at the surface of the
star and planet. Because we set γ = 1.0001, we expect
that they will expand isothermally as a Parker wind (Parker
1958). The escape parameter λ = GMµ
RkBT
(see Table 1) is a
measure of the strength of this wind: for λ ∼ 10, a Parker-
type wind is expected, while for λ 10, the planetary ma-
terial is bound too tightly to escape. Since we are interested
in the global distribution of the escaped planetary mate-
rial, which is not expected to be significantly affected by
the distribution and physical characteristics of the gas very
close to the planet, the details of the planetary atmospheric
escape can be disregarded. Simulations of the circumplane-
tary material would require a more detailed modelling of the
physical processes driving the atmospheric escape and hence
the modelling of the upper planetary atmosphere, possibly
taking into account magnetic fields and non-thermal escape
processes (e.g. Shaikhislamov et al. 2016).
We therefore initialize the stellar and planetary winds
with the transonic Parker solution,
ψ − logψ = 4 log ξ + 4
ξ
− 3 (4)
with an analytic solution given by the Lambert W function
ψ =
−W0(−e
3− 4
ξ
ξ4
) ξ 6 1
−W−1(−e
3− 4
ξ
ξ4
) ξ > 1
(5)
where ψ = ( v
cs
)2 and ξ = r
rs
, with rs being the location
where the transonic wind reaches the speed of sound.
More generally, the wind may be entirely subsonic (or
supersonic), with
ψ − logψ = 4 log ξ + 4
ξ
+ C (6)
where the choice of C determines the class of solution. For
C < −3, the solutions are multivalued and thus unphysical;
for C > −3, the principal branchW0 gives subsonic solutions
for all ξ, in which density and pressure build up at infinity,
while the lower branch W−1 gives supersonic solutions for
all values of ξ. Since supersonic winds are not believed to
occur at the stellar surface, these solutions can be ignored.
The density of the Parker wind is given by
φ = e
−2
ξ
(ξ−1)+ 1
2
(1+ψ)
(7)
where φ = ρ
ρs
, ρs being the density at ξ = 1. With this
density, the ram pressure of the wind is Pram = φψc
2
sρs and
the thermal pressure is the usual Ptherm =
φρs
mH
kbTp.
For our system parameters, the planet is located at ξ? =
0.316, well inside the sonic radius of the stellar wind. This
agrees qualitatively with the conclusion of Lai et al. (2010),
who find that for a solar-analog wind WASP-12b would be
at ξ = 0.719.
2.3 Description of simulation
The model consists of a planet and star, modeled after the
WASP-12 system, in a corotating reference frame. We as-
sume that the planet is tidally locked, so that the orbital
rotation rate, the planetary rotation rate, and the frame
rotation rate are identical. For convenience, the stellar ro-
tation rate is set equal to the orbital rotation rate, so that
the stellar boundary remains fixed in the corotating refer-
ence frame. Because we assume the stellar wind conserves
angular momentum, this means that the velocity of the stel-
lar wind in the orbital direction is approximately 8/9 that
of the planet’s velocity, giving them a relative velocity of
2.2 × 106 < cs,? = 9 × 106. The corotating assumption is
therefore in contrast with the fact that the orbital velocity
of the planet is supersonic relative to the stellar wind (Vi-
dotto et al. 2010). However, in order for the stellar wind to
suppress a significant portion of the planetary wind the bow
shock (where the ram pressure of the planetary and stellar
winds are estimated to be equal) must be within the Hill ra-
dius of the planet, so that the planetary material is unable
to escape. Solving for the Parker wind density that gives
RHill > Rbow, we find
ρ? > 4.95× 10−11g cm−3 (8)
which results in a mass loss rate for the star of
M˙? > 1.54× 10−12M/yr (∼ 1× 1014g/s) (9)
which is 100x greater than the solar mass loss rate.
The locations of the star and planet are given by −q
q+1
a
and 1
q+1
a, where q =
Mp
M?
. The simulation domain ranges
from [−3,−3,−1] a
q+1
to [3, 3, 1] a
q+1
, with a base resolution
of 384×384×128 and 2 levels of additional refinement, giving
an effective resolution of 1536 × 1536 × 512. The planetary
radius is therefore resolved by nine cells.
The planetary wind has a density at the base of
ρp = 5.881 × 10−11g cm−3. We adopted this value to
match the mass loss rate of 1012g s−1 (Ehrenreich & De´sert
2011) predicted on the basis of the energy-limited approx-
imation (Erkaev et al. 2007). The stellar wind density
ρ? = 5.881 × 10−15g cm−3 produces a mass loss rate of
10−16M/yr. To simulate the effects of differential heat-
ing, we gave the planet an anisotropic temperature profile,
T (θ) = Tp max [0.01, cos(θ)], where θ = 0 and θ =
pi
2
are
the substellar and antistellar points, respectively (Carroll-
Nellenback et al. 2017).
Both the star and planet are initialized with isothermal
Parker winds, modified with contributions from the effects
of rotation such that the velocities are given by
v (r) =
{
0 r 6 Rp
vp(r)rˆ −Ω× r
(
R2p/r
2 − 1) r > Rp (10)
where Ω is again the orbital rotation rate. The stellar solu-
tion is initialized over the whole grid and held fixed out to
1.1R?, as well as in the simulation boundaries. The stellar
wind is allowed to relax for 1 orbit, after which the planet
and its initial wind solution are inserted out to the predicted
bow shock radius Rbow = 0.13a. The planet’s surface is held
fixed at T (θ), the maximum value of which is assumed from
calculations of the equilibrium temperature of a radiatively-
launched planetary wind (Murray-Clay et al. 2009), and ρp,
and hence at a particular pressure, while the Parker solution
is allowed to evolve freely for 14 more orbits.
2.4 Magnesium column density
Only hydrogen is tracked in this simulation; however, we are
primarily interested in ionized magnesium, since the pres-
MNRAS 000, 1–8 (0000)
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ence of a disk was suggested by COS observations covering
the core of the MgII h&k resonance lines. We use the es-
timate of the MgII column density in the torus provided
by Haswell et al. (2012) as a reference for the analysis of
the simulation results. In order to estimate the MgII col-
umn density in our simulation, we consider the average hy-
drogen density ρ taken over a cylinder stretching from the
stellar boundary to the edge of the simulation, located at
a distance of 0.062AU. We further consider a magnesium-
to-hydrogen abundance ratio of 10−4 and assume that 10%
of the magnesium is singly ionized. This is a very conser-
vative estimate, as magnesium is quickly ionized by the
far-UV and EUV stellar radiation. This gives a column
density of ρ
mH
(10−4)(10−1)(2.68a) cm−2. To arrive at the
2 × 1017cm−2 required to reproduce the observed absorp-
tion (Haswell et al. 2012), we therefore need the gas density
in the torus produced by the planetary wind to reach an
average value of ρ = 3.65× 10−14g cm−3.
2.5 Radiation pressure
Our simulation does not include the effects of radiation pres-
sure. We can, however, estimate the stellar Ly-α flux at
which radiation pressure would become a significant con-
tributor to the orbital dynamics of the torus. To estimate
the radiation force per unit mass from Ly-α, we can use
Frad ∼ fpie2mec2
h
mp
Nα ∼ 1.6 × 10−20Nα, where f = 0.416 is
the oscillator strength for Ly-α, Nα is the number of Ly-α
photons per unit time per unit area, me and mp are electron
and proton masses, h is Planck’s constant, c is the speed of
light, and e is the electron charge.
For radiation pressure to push material completely out
of orbit, it must exert a force per unit mass close to that
of gravity. Taking the extreme case, where only radiation
pressure is required to dissipate the disk, the condition is
Frad > g =
GM?
a2
. For our system, g = 1524cm2 s−1 at the
orbital radius a. Using Frad above, the condition becomes
Nα >
1524
1.6×10−20 = 9×1022cm−2 s−1. We can compare this to
the value for the sun, where Nα(1AU) = 2.3×1011cm−2 s−1,
giving Nα(0.02293AU) ∼ 1.1×1015. Thus, using solar values
for the flux, we estimate that radiation pressure from Ly-α
would not contribute significantly to the system dynamics.
3 RESULTS
The final state of the system is shown in Figure 1, with a 3D
visualization showing the final disk and star in Figure 2. The
planet is located along the x axis in the three-dimensional
plot, but cannot be seen due to its small size.
We find that a dense gaseous torus does form around
WASP-12. Figure 1 shows that the densest gas (yellow color
scales) forms a ring (ρ = 10−14g cm−3) that extends over al-
most the entire circumference of the planet’s orbit. Extend-
ing both inward and outward from the ring we also see high
density gas (ρ = 10−17g cm−3) forming an extended disk or
torus that reaches all the way to the edge of the simulation
box. We note that the outer (radial) edges of the torus as
seen in the simulations are smoothed by the outflow-only
boundary conditions. The torus is relatively thin in z and
Figure 1. Hydrogen density, in g cm−3, at the final state of the
simulation, shown with a horizontal (top) and vertical (bottom)
cut of the simulation box through the line connecting the star
and planet.
Figure 2. Three-dimensional display of the final state of the
simulation, showing the extent of the dense region of the disk
surrounding WASP-12. The color code gives the hydrogen density
in g cm−3. Note how the disk covers the whole stellar surface as
seen from a distant observer lying on the planetary orbital plane.
Tdisk = Tp due to the low value of the polytropic index γ,
where P = ργ .
The stellar wind is driving into the planetary wind dur-
ing the entire simulation, but is unable to sweep away the
gas in the torus. This occurs because of the small value of
M˙? chosen; in addition, because the planet orbits within the
stellar wind’s sonic radius the pressure of the stellar wind is
dominated by thermal pressure, meaning it is at least two
MNRAS 000, 1–8 (0000)
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orders of magnitude less than the pressure of the planetary
wind.
At the end of the simulation, which covers 14 orbits,
the disk has an average density over the cylinder described
in Section 2.4 of 1.29× 10−16g cm−3, giving a MgII column
density of 7.09 × 1014cm−2. This is not yet high enough to
yield the MgII absorption observed in Haswell et al. (2012)
and Fossati et al. (2013), which required a MgII column
density of 2 × 1017cm−2. However, as we show below, the
mass in the torus continues to build with time.
3.1 Evolution over time
In terms of the flow morphology, the system reaches a quasi-
steady state after the planet’s second orbit (Fig. 3). Impor-
tantly, though, we see that the disk density is rising through-
out the simulation. We observe an approximately linear rate
of increase of ρ˙ = 8.09 × 10−18g cm−3orbit−1, as shown in
Fig. 4. We note that the growth rate does appear to slow
slightly, likely due to a slight decrease in the planetary mass
loss rate. This is probably due to the increasing pressure of
the disk, which alters the downstream boundary condition
for the planet’s Parker-type wind.
We can use this linear approximation for ρ˙ to project
the increasing mass of the disk forward. If the observed trend
continued, it would take approximately 13 years for the den-
sity of the disk to be sufficient to create the observed MgII
absorption. With such a short disk formation timescale, even
periods of high stellar activity would not remove the disk for
a long time. If the disk were disrupted by a large increase
in the stellar wind, we would expect that the disk would
reform quickly once the stellar mass loss rates returned to
lower values.
The torus will eventually come into a steady state con-
figuration where the mass input from the planetary wind
will be balanced by mass loss through its boundaries (both
vertical and radial). In order to approximate this final state
of the planetary wind, we chose the constant C in the spher-
ical Parker solution (Eq. 6) such that the total pressure of
the wind (Pw = Pram + Ptherm) is equal to the pressure of
the disk at the desired density, Pd = nHkbTp, with nH be-
ing the number density of hydrogen required to reach a MgII
column density of 2× 1017cm−2, at a distance equal to the
height of the disk from the surface of the planet. This occurs
when C = 21.9151, resulting in a maximum wind speed (at
ξ = 1) of 2.15cm s−1. In fact, the disk pressure alone does
not become sufficient to shut off the wind completely until
a density 2000x higher than that required for the observed
absorption.
Although the wind pressure at the surface of the planet
is always greater than Pd, we assume that a combination
of mass input from the wind and mass loss from the outer
edges of the torus will eventually cause the disk to reach
a quasi-steady state. Therefore, the torus will not build up
enough mass to become optically thick at all wavelengths,
which would contradict the observations. However, it would
be necessary to run the simulation for approximately 10 mil-
lion CPU hours (about 100000 years wall-time, using the
same cluster) to test this assumption.
Figure 3. Same as Fig. 1, but after zero planetary orbits (top-
left), 2 planetary orbits (top-right), 9 planetary orbits (bottom-
left), and 14 planetary orbits (bottom-right). A gas disk starts
forming immediately after the first revolution, and is firmly es-
tablished after the second orbit.
2 4 6 8 10 12 14 16
Time (orbit)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
D
en
si
ty
 (g
/cm
3 )
10 -16 Average Hydrogen Density in Cylinder Over Time
Figure 4. Average density of hydrogen within the cylinder de-
scribed in Sect. 2.4, with a linear fit shown by the dashed line.
Although the required density of 10−14g cm−3 is not reached
within the time-frame of the simulation, extrapolating the linear
fit to longer times leads to the required MgII column density in
about 13 years. While we predict that the disk will eventually
reach a steady state with a roughly constant density, the linear
fit is a good approximation for short timescales.
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3.2 Synthetic Observations
To quantify the amount of stellar light absorbed by the disk,
we calculate the optical depth as a function of frequency as
τ(ν) = σν0
∫
ds
∫
dν′n(ν′)φ(ν − ν′) (11)
where the normalization constant of the absorption
cross section profile for neutral hydrogen σν0 = 1.102 ×
10−2cm2s−1 (Bourrier & Lecavelier des Etangs 2013) and
the line integration is along rays emanating from the sur-
face of the star towards an observer. Since each cell has a
particular velocity, the distribution of density per frequency
for cell j is
n(ν′) = njδ(ν
′ − νj) where νj = ν0(1− vj · nˆ
c
), (12)
where nj is number density of cell j. This gives us
τ(ν) = σν0
∫
ds njφ(ν − νj) . (13)
Then, by integrating over frequency bin i, we get
τi∆ν =
∫ νi+ ∆ν2
νi−∆ν2
τ(ν)dν = σν0
∫
ds nj
∫ νi+ ∆ν2
νi−∆ν2
φ(ν − νj) .
(14)
We further assume that the line profile is from thermal
broadening and approximate it as
φ(ν − νj) = 1√
pi∆νD
exp−(ν−νj)
2/(∆νD)
2
, (15)
where ∆νD =
ν0
c
√
2kBT
m
.
The integral then becomes
τi =
σν0
2∆ν
∫
ds nj
[
erf
(
νj − νi + 12 ∆ν
∆νD
)
− erf
(
νj − νi − 12 ∆ν
∆νD
)]
.
(16)
This can also be defined by an effective absorption co-
efficient per cell j per frequency bin i of
αj,i =
njσν0
2∆ν
[
erf
(
νj − νi + 12 ∆ν
∆νD
)
− erf
(
νj − νi − 12 ∆ν
∆νD
)]
,
(17)
which can be integrated along rays emanating from the sur-
face of the star using standard ray tracing techniques
τi =
∫
αj,i ds. (18)
The simulation data was saved every 1/10th of an or-
bit. For each frame, sets of rays emanating from the surface
of the star were integrated through the simulation domain
at different angles to create synthetic images with a spatial
resolution of 2002 at each frequency and angle of observa-
tion. The frequency resolution corresponds to 2km s−1 and
the angle resolution corresponds to 3 min of orbital time.
These images were then summed to calculate a normalized
intensity as a function of frequency, angle, and simulation
time. To the extent that the fluid flow is steady, different
viewing angles for a fixed simulation time can be translated
to different observational times. Finally, for each frequency
and viewing angle, we calculated the mean of the normalized
intensity over the last 5 orbits, as seen in Fig. 5.
Because of the large interstellar medium absorption
which occurs over the large distance to the star (388±37 pc;
Gaia Collaboration et al. 2016), and of the torus absorption,
the Ly-α line of WASP-12 cannot be directly observed, even
with future facilities (e.g. LUVOIR). The same is also true
for the stellar X-ray and far-UV emission, which would have
otherwise helped to interpret the origin of the anomalous,
apparent lack of stellar activity (e.g. Fossati et al. 2015b).
As a result, although radial velocity measurements suggest
that WASP-12 has an activity typical of other stars of sim-
ilar temperature (Bonomo et al. 2017), the actual intensity
of the stellar chromospheric emission is unknown; therefore,
our synthetic observations cannot be compared to actual ob-
servations. However, key aspects of our results can be helpful
in interpreting the lack of MgII h&k line core emission.
Figure 5 shows that after just a few revolutions of the
planet, the gas in the disk significantly absorbs the entire
central part of the Ly-α line, regardless of the planet’s or-
bital phase. The complete absorption on the line center is in
agreement with the COS observations, which showed that
the emission cores of the MgII h&k resonance lines were al-
ways completely absent, even a few hours before the tran-
sit (Haswell et al. 2012; Nichols et al. 2015). Note that the
emission/absorption map shown in Fig. 5 is that obtained
towards the end of our simulation run, while the density of
the gas in the disk is still increasing. This implies that the
absorption would increase considerably if the simulation had
been allowed to run for many years, as required to reach the
observed MgII column density.
4 DISCUSSION AND CONCLUSION
The WASP-12 system hosts one of the most inflated and
irradiated known hot Jupiters. Ultraviolet observations of
WASP-12 indicate the presence of an anomalous lack of the
ubiquitous emission at the core of the MgII h&k resonance
lines. In this paper we examine the hypothesis that the emis-
sion lines are absorbed via a translucent circumstellar disk
or torus formed by material lost by during photoevaporation
of the planet’s atmosphere (Haswell et al. 2012; Fossati et al.
2013). To determine if the hot Jupiter WASP-12b is respon-
sible for generating a gaseous disk dense enough to absorb
the expected stellar emission at the core of the MgII h&k
lines, we simulate the complete WASP-12 system for 15 or-
bits.
Our simulations followed the fluid-dynamical evolution
of a wind driven off of an evaporating planet. Because of the
short period, Coriolis forces drive the wind into ”up-orbit”
and ”down-orbit” arms, which leads to the development of
a circumstellar disk or torus over time (Carroll-Nellenback
et al. 2017). Tracing the disk over time showed a continuous,
nearly linear rate of increase in disk density. By extrapolat-
ing the simulations forward in time, we estimate that it will
take approximately 13 years (≈4350 planetary orbits) for
the disk to reach a high enough density to absorb stellar
MgII h&k lines, thereby reproducing the observations. We
note that this time could be somewhat larger because of the
decrease in the planetary mass loss rate caused by the ex-
ternal pressure of the disk. Even if this increase required a
MNRAS 000, 1–8 (0000)
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Figure 5. Average normalized Ly alpha intensity over the last 5 simulated orbits as seen from a distant observer lying on the planet’s
orbital plane. The intensity is shown as a function of wavelength (right axis) or velocity (left axis) and also as a function of time from
mid-transit (bottom axis) or orbital phase angle (top axis; see Fig. 11 of Carroll-Nellenback et al. 2017, for more details). The Ly-α line
is strongly absorbed out to ±50km s−1, regardless of the planet’s orbital phase.
few orders of magnitude longer duration, however, it would
still be insignificant compared to the age of the system.
Two factors not included in this study may have an
impact on the disk structure and density. Magnetic fields
have been shown to reduce the mass loss rates from hot
Jupiters by an order of magnitude or more (Owen & Adams
2014; Khodachenko et al. 2015), leading to roughly the same
increase in the time required to build up a dense enough disk.
As noted above, this would still be significantly less than the
age of the system.
Of greater consequence is radiation pressure on the disk
material. On the one hand, radiation pressure from the star
could drive the gas escaping the planet out of the planetary
orbital plane, thus reducing its density. On the other hand,
if the radiation pressure from the star were to balance the
disk pressure at a distance larger than the planet’s orbital
separation, the planet could have an increased mass loss rate
because of the loss of the external pressure from the disk A
higher mass loss could leading in the end to an increase in
the disk density. These effects, particularly that of radiation
pressure, should be examined in further studies.
In conclusion, we find the hypothesis that a torus
formed from a photoevaporating planet wind can account
for the lack of MgII lines plausible. Future work should ex-
plore both the fluid dynamics and radiative transfer of the
process in more detail.
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